Ac

:   acetate

ANOVA

:   analysis of variance

AUC

:   area under the curve

FA

:   fatty acids

HF

:   high fat

HOMA‐IR

:   homeostatic model assessment value for insulin resistance

LCFA

:   long‐chain fatty acid

LF

:   low‐fat

OCFA

:   odd‐chain fatty acid

oGTT

:   oral glucose tolerance test

Pr

:   propionate

wks

:   weeks

1. Introduction {#mnfr2723-sec-0040}
===============

Over the last decades, numerous lines of evidence have suggested that the intestinal microbiota plays an important role in obesity development [1](#mnfr2723-bib-0001){ref-type="ref"}, [2](#mnfr2723-bib-0002){ref-type="ref"}, [3](#mnfr2723-bib-0003){ref-type="ref"}. It was shown repeatedly that microbiota transplantation from lean or obese subjects induces similar phenotypes in the acceptor mice [4](#mnfr2723-bib-0004){ref-type="ref"}, [5](#mnfr2723-bib-0005){ref-type="ref"}. A recent study additionally demonstrated that the microbiota from lean donors can invade obese recipient mice and reduce their adiposity during cohousing. Remarkably, this effect was only observed when the mice were fed a low‐fat (LF), high‐fiber diet [4](#mnfr2723-bib-0004){ref-type="ref"}.

The role of dietary fibers and their bacterial fermentation products, SCFA (mainly acetate (Ac), propionate (Pr), butyrate), in obesity development is controversially discussed. Data from human studies indicate that overweight subjects show higher fecal SCFA than lean individuals, possibly due to larger amounts of colonic SCFA production [6](#mnfr2723-bib-0006){ref-type="ref"}, [7](#mnfr2723-bib-0007){ref-type="ref"}. Thus, SCFA may contribute to an increased dietary energy extraction and thereby promote adiposity. On the other hand, SCFA are reported to stimulate peptide YY and glucagon‐like peptide‐1 secretion, which increase satiety and result in a leaner phenotype [8](#mnfr2723-bib-0008){ref-type="ref"}, [9](#mnfr2723-bib-0009){ref-type="ref"}, [10](#mnfr2723-bib-0010){ref-type="ref"}, [11](#mnfr2723-bib-0011){ref-type="ref"}.

Using gnotobiotic mice associated with a simplified human microbiota, we previously compared the effects of inulin (fermentable dietary fiber) and cellulose (nonfermentable dietary fiber) on high‐fat (HF) diet‐induced obesity [12](#mnfr2723-bib-0012){ref-type="ref"}. Inulin supplementation did not affect body weight and body fat gain after 6 weeks (wks). However, inulin reduced the hepatic gene expression of enzymes involved in lipogenesis and fatty acid elongation/desaturation and altered the phospholipid profile. Furthermore, it changed the intestinal microbiota, increased total SCFA production, and reduced the Ac:Pr ratio. Based on these data, we hypothesize that the Ac:Pr ratio is important for the changes in lipid metabolism and that a prolonged dietary intervention would lead to differences in body weight/fat.

To elucidate the role of Ac and Pr in obesity development we used conventional C3H/HeOuJ mice, which were fed semisynthetic, obesity promoting HF diets supplemented with either a high Ac or a high Pr ratio for 6 and 22 wks. For analysis of direct effects of Ac and Pr on hepatic lipid metabolism, HepG2 (human hepatic carcinoma) cells were incubated with either Ac or Pr.

2. Materials and methods {#mnfr2723-sec-0050}
========================

2.1. Animals and experimental setup {#mnfr2723-sec-0060}
-----------------------------------

All experiments were approved by the ethics committee of the Ministry for environment, health, and consumer protection of Brandenburg, Germany (approval no. V3‐2347‐49‐2011). Conventional male C3H/HeOuJ mice (8 wks of age) were obtained from Charles River Laboratories (Wilmington, USA). They were kept individually in polycarbonate cages in a climate controlled room (22 ± 2°C, relative air humidity 55 ± 5%) with a 12‐h light:dark cycle and ad libitum access to food and water.

At 10 wks of age mice were switched from standard chow diet (Altromin fortified type 1314, Altromin GmbH, Lage, Germany) to semisynthetic diets (Table [1](#mnfr2723-tbl-0001){ref-type="table-wrap"}). Gross energy content of the diets was determined by bomb calorimetry as described [12](#mnfr2723-bib-0012){ref-type="ref"}. Experimental diets were mixed and pelleted in house. For 6 wks (experiment 1) or 22 wks (experiment 2), ten animals per group were fed a HF diet supplemented with 5% SCFA, either with a high Ac (Ac:Pr, 2.5:1, HF‐HAc) or a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr). A HF diet without SCFA served as control. In experiment 2, a LF diet was included as an additional control. Body weight and body composition were determined weekly. Fasting blood glucose and insulin for homeostatic model assessment value for insulin resistance (HOMA‐IR) were measured in wk 6 and an oral glucose tolerance test (oGTT) was conducted in wk 20 (both in experiment 2). At the end of dietary intervention, animals were euthanized with isoflurane between 8 and 11 am and peripheral blood was obtained by cardiac puncture. Tissues were removed, weighed, and immediately frozen in liquid nitrogen before storage at −80°C.

###### 

Composition of semisynthetic experimental diets

  Component                                                                 LF (g/kg)   HF (g/kg)   HF‐HAc (g/kg)   HF‐HPr (g/kg)
  ------------------------------------------------------------------------- ----------- ----------- --------------- ---------------
  Casein[a](#mnfr2723-tbl1-note-0002){ref-type="fn"}                        220         267         267             267
  Wheat starch[b](#mnfr2723-tbl1-note-0003){ref-type="fn"}                  386.5       129.0       102.6           101.8
  Maltodextrin[c](#mnfr2723-tbl1-note-0004){ref-type="fn"}                  100         100         100             100
  Dextrose[c](#mnfr2723-tbl1-note-0004){ref-type="fn"}                      50          50          50              50
  Sucrose[d](#mnfr2723-tbl1-note-0005){ref-type="fn"}                       100         100         100             100
  Coconut oil[e](#mnfr2723-tbl1-note-0006){ref-type="fn"}                   7.7         37.8        37.8            37.8
  Sunflower oil[d](#mnfr2723-tbl1-note-0005){ref-type="fn"}                 30.1        147         147             147
  Linseed oil[f](#mnfr2723-tbl1-note-0007){ref-type="fn"}                   5.2         25.2        25.2            25.2
  Cellulose[g](#mnfr2723-tbl1-note-0008){ref-type="fn"}                     50          50          50              50
  Acetate[h](#mnfr2723-tbl1-note-0009){ref-type="fn"}                       /           /           51.4            20.6
  Propionate[i](#mnfr2723-tbl1-note-0010){ref-type="fn"}                    /           /           18.5            46.3
  NaCl[h](#mnfr2723-tbl1-note-0009){ref-type="fn"}                          /           24.06       /               2.6
  CaCO~3~ [h](#mnfr2723-tbl1-note-0009){ref-type="fn"}                      /           19.48       /               1.2
  Mineral mix[c](#mnfr2723-tbl1-note-0004){ref-type="fn"}                   35          35          35              35
  Vitamin mix[c](#mnfr2723-tbl1-note-0004){ref-type="fn"}                   10          10          10              10
  Choline bitartrate[i](#mnfr2723-tbl1-note-0010){ref-type="fn"}            2.5         2.5         2.5             2.5
  [l]{.smallcaps}‐cysteine[i](#mnfr2723-tbl1-note-0010){ref-type="fn"}      3           3           3               3
  Total energy content (kJ/g)[j](#mnfr2723-tbl1-note-0011){ref-type="fn"}   17.5        20.5        20.7            20.9

LF diet and HF diets supplemented with 5% SCFA, either with a high Ac ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFA (HF).

Dauermilchwerk Peiting GmbH, Landshut, Germany.

Kröner Stärke, Ibbenbüren/Westfalen, Germany.

Altromin Spezialfutter GmbH & Co. KG, Lage, Germany (detailed composition see [12](#mnfr2723-bib-0012){ref-type="ref"}).

REWE Markt GmbH, Köln, Germany.

Ostthüringer Nahrungsmittelwerk Gera, Gera, Germany.

Kunella Feinkost, Cottbus, Germany.

Rettenmaier und Soehne GmbH, Rosenberg, Germany.

Carl Roth GmbH + Co. KG, Karlsruhe, Germany (Acetate mixture: sodium acetate and calcium acetate monohydrate, 1:1).

Sigma Aldrich, Steinheim, Germany (Pr mixture: sodium Pr and calcium Pr, 1:1).

Measured by bomb calorimetry.

John Wiley & Sons, Ltd.

2.2. Body composition {#mnfr2723-sec-0070}
---------------------

Body fat mass was measured with a nuclear magnetic resonance spectrometer EchoMRI™‐Analyzer (Echo Medical Systems, Houston, USA) as described previously [12](#mnfr2723-bib-0012){ref-type="ref"}.

2.3. Indirect calorimetry {#mnfr2723-sec-0080}
-------------------------

Energy expenditure was determined by indirect calorimetry in individual mice using PhenoMaster System (TSE Systems GmbH, Homburg, Germany) as described before [13](#mnfr2723-bib-0013){ref-type="ref"}.

2.4. oGTT and HOMA‐IR {#mnfr2723-sec-0090}
---------------------

For oGTT and HOMA‐IR measurements, mice were fasted for 6 h. Blood samples were taken from tail vein. Glucose was measured using glucose test strips (Contour NEXT Sensoren, Bayer AG, Leverkusen, Germany) and plasma insulin concentrations were determined with Insulin Mouse Ultrasensitive ELISA (Alpco Diagnostics, Salem, USA). In wk 6, HOMA‐IR was calculated according to the following formula: fasting glucose (mmol/L) × fasting insulin (μU/mL)/22.5. oGTT was performed in wk 20 by oral glucose application (2 mg glucose/g body weight). Blood glucose was measured before and 15, 30, 60, 120, and 180 min after glucose challenge.

2.5. Triglyceride analysis {#mnfr2723-sec-0100}
--------------------------

Triglyceride concentration was analyzed in liver (40 mg of tissue) and peripheral plasma (1:2 diluted in water) using Triglyceride Determination Kit (Sigma Aldrich, Steinheim, Germany) as previously described [12](#mnfr2723-bib-0012){ref-type="ref"}.

2.6. Quantitative PCR {#mnfr2723-sec-0110}
---------------------

One microgram RNA was used for cDNA preparation with random hexamer primers using RevertAid™ H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, USA). Quantitative PCR was performed with the Applied Biosystems 7900 HT Fast Real‐Time PCR System (Applied Biosystems, Foster City, USA) using TaqMan or SYBR® Green Universal PCR Master Mix (Applied Biosystems), gene‐specific primers (3 μM each), and 5 ng cDNA. Primer and probe sequences for murine samples were used as previously described [12](#mnfr2723-bib-0012){ref-type="ref"}; the primers for the human HepG2 samples are listed in Supporting Information Table 1. Gene expression in the animal samples was calculated according to the ΔΔCT method using hypoxanthine guanine phosphoribosyl transferase as reference gene and expressed relative to the HF group (without SCFA) normalized to a value of 1. In the HepG2 samples, the ribosomal protein L13a (Rpl13a) was used as reference gene and gene expression was calculated relative to control medium without SCFA.

2.7. Western blot analysis {#mnfr2723-sec-0120}
--------------------------

Liver protein was extracted after RNA isolation from the phenol phase according to the manufacturers' protocol (PEQLAB Biotechnologie GmbH, Erlangen, Germany). Immunoblotting was performed as described previously using 20 μg of protein [14](#mnfr2723-bib-0014){ref-type="ref"}. Signals were detected with the FUSION‐SL Advance 4.2 MP imaging system (PEQLAB Biotechnologie GmbH) and quantified using the BIO‐1D Advanced Analysis Software (PEQLAB Biotechnologie GmbH). Antibodies were used as previously described [12](#mnfr2723-bib-0012){ref-type="ref"}. Protein expression was normalized to α‐tubulin (Sigma‐Aldrich).

2.8. Cell culture experiments {#mnfr2723-sec-0130}
-----------------------------

Human hepatic carcinoma (HepG2) cells were cultured at 37°C (5% CO~2~) in RPMI 1640 growth medium (Gibco, CA, USA) supplemented with 10% v/v fetal calf serum (Biochrom GmbH, Germany), 100 U penicillin, streptomycin (100 μg/mL), and 2 mM [l]{.smallcaps}‐alanyl‐[l]{.smallcaps}‐glutamine (PSG; Gibco). HepG2 cells were seeded at 500 000 cells/well into standard six‐well plates. After 3 days, growth media was replaced by RPMI 1640 media supplemented with PSG (without fetal calf serum) and Ac or Pr. The total amount of SCFA for each condition was 500 μM; RPMI 1640 + PSG served as control; cells were incubated for 24 h (RNA isolation) or 48 h (long‐chain fatty acid (LCFA) analysis). After a washing step with PBS, cells were harvested by scraping. Cells were centrifuged (250 × *g*, 5 min) and the resulting cell pellet was resuspended in 1 mL H~2~O for LCFA analysis. For RNA isolation, the cells were directly lysed after the washing step by adding 1 mL peqGOLD TriFast (PEQLAB Biotechnologie GmbH) and the following steps were done according the manufacturers' instructions.

2.9. LCFA analysis {#mnfr2723-sec-0140}
------------------

LCFA composition was determined in the phospholipid fraction by GC as described [12](#mnfr2723-bib-0012){ref-type="ref"}.

2.10. Statistical analysis {#mnfr2723-sec-0150}
--------------------------

Data are presented as mean ± SEM. Statistics were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, USA). Normal distribution and homogeneity of variances were tested using the Kolmogorov--Smirnov test. Normally distributed data were analyzed by one‐way analysis of variance (ANOVA) with Bonferroni\'s posttest; non‐normally distributed data were analyzed using nonparametric Kruskal--Wallis test. Differences with *p* \< 0.05 were considered as statistically significant.

3. Results {#mnfr2723-sec-0160}
==========

3.1. SCFA change hepatic lipid metabolism without affecting body weight {#mnfr2723-sec-0170}
-----------------------------------------------------------------------

Phenotypic characterization during dietary intervention did not reveal any differences in body weight gain, body fat/lean mass after 6 wks (Fig. [1](#mnfr2723-fig-0001){ref-type="fig"}A, Table [2](#mnfr2723-tbl-0002){ref-type="table-wrap"}) or 22 wks (Fig. [1](#mnfr2723-fig-0001){ref-type="fig"}B, Table [3](#mnfr2723-tbl-0003){ref-type="table-wrap"}). Also feed intake and energy expenditure were not affected (Tables [2](#mnfr2723-tbl-0002){ref-type="table-wrap"} and [3](#mnfr2723-tbl-0003){ref-type="table-wrap"}). While circulating plasma triglyceride levels showed no differences, long‐term (22 wks) supplementation of SCFA decreased liver triglyceride content (Fig. [1](#mnfr2723-fig-0001){ref-type="fig"}D). This was only significant in HF‐HPr animals, leading to a reduction of about 40% (HF versus HF‐HPr). Although at wk 6 there were no differences in liver triglycerides yet (Fig. [1](#mnfr2723-fig-0001){ref-type="fig"}C), hepatic gene and protein expression was already affected. SCFA supplementation resulted in a diminished expression of lipogenic genes (Acly, Acacb, Fasn (where Acly is ATP citrate lyase; Acacb is acetyl‐CoA carboxylase beta; Fasn is fatty acid synthase)). These enzymes are mainly regulated by transcription factors, such as Srebf1 (where Srebf1 is sterol regulatory element binding transcription factor 1), which was reduced in tendency (Fig. [2](#mnfr2723-fig-0002){ref-type="fig"}A). Besides that, fatty acid desaturation and elongation enzymes were downregulated (Scd1, where Scd1 is stearoyl‐coenzyme A desaturase 1) or at least in tendency reduced (Elovl5, Elovl6 (where Elovl5 and 6 are elongation of long‐chain fatty acid family members 5 and 6)). This repression was confirmed at protein level by Western blot (Fig. [2](#mnfr2723-fig-0002){ref-type="fig"}B and C). Protein expressions of ACLY, ACAC, and SCD1 were much lower in SCFA‐supplemented mice compared to control (HF). The same trend was obvious in FASN protein expression. Long‐term (22 wks) effects of Ac and Pr on gene expression were similar to these short‐term effects (Supporting Information Table 2). Taken together, these results demonstrate that both, high Ac and high Pr supplementation, reduce hepatic gene and protein expression of lipogenic enzymes while only the high Pr ratio significantly diminished liver triglyceride content by about 40%.

![Effects of dietary SCFA on body composition change (A, B) and hepatic triglyceride concentration (C, D) after 6 wks (A, C) and 22 wks (B, D) of intervention. C3H mice were fed a LF diet or HF diet supplemented with 5% SCFA, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFA (HF). Data are mean + SEM, *n* = 7--10. Means with different letters are significantly different (ANOVA with Bonferroni post hoc test was performed between HF groups, *p* \< 0.05).](MNFR-60-2611-g001){#mnfr2723-fig-0001}

###### 

No changes in body and plasma parameters of C3H mice after 6 wks of dietary SCFA supplementation

                                  Short‐term study (6 wks)                               
  ------------------------------- -------------------------- ------------- ------------- ----
  Body weight start (g)           27.4 ± 0.5                 27.3 ± 0.4    27.4 ± 0.6    ns
  Body weight final (g)           33.5 ± 0.8                 34.6 ± 0.8    33.8 ± 0.8    ns
  Final fat mass (g)              6.4 ± 0.6                  7.5 ± 0.7     6.5 ± 0.7     ns
  Final lean mass (g)             27.1 ± 0.6                 27.2 ± 0.2    27.3 ± 0.3    ns
  Feed intake (g/d)               3.4 ± 0.3                  3.7 ± 0.1     3.5 ± 0.2     ns
  Energy expenditure (kJ/d)       50.5 ± 1.8                 52.2 ± 1.6    54.3 ± 1.6    ns
  Liver weight (g)                1.53 ± 0.06                1.56 ± 0.05   1.57 ± 0.03   ns
  Plasma triglycerides (mmol/L)   1.49 ± 0.20                1.90 ± 0.40   1.86 ± 0.27   ns

Mice were fed experimental HF diets supplemented with 5% SCFA, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFA (HF) for 6 wks. Data are mean ± SEM, *n* = 5--10. ns, not significant. ANOVA with Bonferroni post hoc test was performed, *p* \< 0.05.

John Wiley & Sons, Ltd.

###### 

Dietary SCFA do not affect body and plasma parameters of C3H mice after 22 wks of intervention

                                                Long‐term study (22 wks)                               
  ------------------------------- ------------- -------------------------- ------------- ------------- ----
  Body weight start (g)           28.7 ± 0.3    28.6 ± 0.4                 28.7 ± 0.5    28.6 ± 0.5    ns
  Body weight final (g)           37.0 ± 0.9    42.2 ± 1.2                 42.4 ± 0.5    42.4 ± 0.9    ns
  Final fat mass (g)              7.0 ± 0.5     9.5 ± 0.7                  10.6 ± 0.4    10.2 ± 0.6    ns
  Final lean mass (g)             29.7 ± 0.4    32.5 ± 0.6                 31.4 ± 0.3    31.8 ± 0.6    ns
  Feed intake (g/d)               2.8 ± 0.1     3.0 ± 0.1                  3.2 ± 0.2     3.0 ± 0.1     ns
  Energy expenditure (kJ/d)       45.2 ± 2.0    49.3 ± 2.2                 47.4 ± 2.0    50.3 ± 2.6    ns
  Liver weight (g)                1.77 ± 0.06   1.97 ± 0.07                2.00 ± 0.08   1.95 ± 0.06   ns
  Plasma triglycerides (mmol/L)   0.96 ± 0.21   1.49 ± 0.24                1.58 ± 0.17   1.43 ± 0.18   ns

Mice were fed experimental LF diet or HF diets supplemented with 5% SCFA, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFA (HF) for 22 wks. Data are mean ± SEM, *n* = 8--10. ns, not significant. ANOVA with Bonferroni post hoc test was performed between HF groups, *p* \< 0.05.

John Wiley & Sons, Ltd.

![Hepatic mRNA expression of enzymes involved in lipid metabolism (A), representative bands (B), and corresponding hepatic protein expression (C) after 6 wks of intervention. C3H mice were fed a HF diet supplemented with 5% SCFA, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFA (HF). HF group was set to 1 and protein results are relative to α‐tubulin. Data are mean + SEM, *n* = 7--8. Means with different letters are significantly different (ANOVA with Bonferroni post hoc test, *p* \< 0.05).](MNFR-60-2611-g002){#mnfr2723-fig-0002}

3.2. SCFA alter the formation of LCFAs {#mnfr2723-sec-0180}
--------------------------------------

To investigate if the reduced expression of lipogenesis genes resulted in LCFA composition changes, GC was used to determine LCFAs in liver and plasma phospholipids (Fig. [3](#mnfr2723-fig-0003){ref-type="fig"}). SCFA supplementation for 6 wks resulted in a higher formation of omega‐3 fatty acids (ω3 FAs), especially in liver phospholipids, whereas the amount of ω6 FAs tended to decrease (compared to HF). Thus, SCFA‐supplemented groups exhibited a lower ω6/ω3 FA ratio than the HF group in liver and plasma phospholipids. In accordance with a rising proportion of Pr in the diet, the formation of odd‐chain FAs (OCFAs; C15:0 and C17:0) in plasma and liver phospholipids increased and reached the highest amount after HPr feeding (Fig. [3](#mnfr2723-fig-0003){ref-type="fig"}). Similar changes in LCFA composition were also detectable after 22 wks (Table [4](#mnfr2723-tbl-0004){ref-type="table-wrap"}). Here again, OCFA and ω3 FA contents were increased while the proportion of ω6 FAs was rather lower. To examine if the observed effects were directly and specifically modulated by Ac or Pr, we used HepG2 cells as an in vitro model for liver lipid metabolism. While incubation with either Ac or Pr did not influence mRNA expression of lipogenic enzymes (Fig. [4](#mnfr2723-fig-0004){ref-type="fig"}A), cellular phospholipid LCFA profiles changed similar to the in vivo data (Fig. [4](#mnfr2723-fig-0004){ref-type="fig"}B and C). In detail, ω3 FA formation was in tendency increased after Pr treatment, while ω6 FA level remained unaffected. Even more remarkable, OCFA production was increased fivefold after incubation with Pr, compared to control medium. Together, these data suggest that both Ac and Pr supplementation decrease the ω6/ω3 FA ratio, while Pr directly increases hepatic OCFA production.

![Effects of dietary SCFA on liver (A) and plasma (B) phospholipid LCFA profile. For detailed information on OCFA, ω3, and ω6 FA composition see Table [4](#mnfr2723-tbl-0004){ref-type="table-wrap"}. C3H mice were fed a HF diet with 5% SCFA, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFA (HF) for 6 wks. Data are mean + SEM, *n* = 9--10. Means with different letters are significantly different (ANOVA with Bonferroni post hoc test, *p* \< 0.05).](MNFR-60-2611-g003){#mnfr2723-fig-0003}

###### 

Formation of OCFAs, ω3, and ω6 FA after 22 wks of dietary SCFA supplementation in liver and plasma phospholipids

                                      Long‐term study (22 wks)                                          
  -------------------- -------------- -------------------------- ------------------ ------------------- ---------
  Liver                                                                                                 
  ω3 FA (area sum %)   11.19 ± 0.30   12.86 ± 0.17^a^            13.87 ± 0.18^b^    13.36 ± 0.32^a,b^   \<0.05
  ω6 FA (area sum %)   35.38 ± 0.16   38.85 ± 0.16^a^            38.19 ± 0.18^b^    38.37 ± 0.15^a,b^   \<0.05
  OCFA (area sum %)    0.20 ± 0.01    0.30 ± 0.01^a^             0.32 ± 0.00^a^     0.40 ± 0.01^b^      \<0.001
  Plasma               0.26 ± 0.01    0.35 ± 0.01^a^             0.38 ± 0.01^a^     0.47 ± 0.01^b^      \<0.05
  ω3 FA (area sum %)   7.05 ± 0.18    7.37 ± 0.17^a^             8.09 ± 0.25^a,b^   8.09 ± 0.27^b^      \<0.05
  ω6 FA (area sum %)   36.38 ± 0.74   42.81 ± 0.45               42.23 ± 0.34       41.60 ± 0.48        ns
  OCFA (area sum %)    0.26 ± 0.01    0.35 ± 0.01^a^             0.38 ± 0.01^a^     0.47 ± 0.01^b^      \<0.05

OCFAs, odd‐chain fatty acids, sum of C15:0 and C17:0; ω3 FAs, sum of C18:3n3, C20:5n3, C22:5n3, and C22:6n3; ω6 FAs, sum of C18:2n6t, C18:2n6c, C18:3n6, C20:2n6, C20:3n6, C20:4n6, C22:4n6, and C22:5n6 fatty acids. C3H‐mice were fed experimental LF diet or HF diets supplemented with 5% SCFA, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFA (HF) for 22 wks. Data are mean ± SEM, *n* = 8--10. ns, not significant. Means with different letters within one row are significantly different (ANOVA with Bonferroni post hoc test was only performed between HF groups, *p* \< 0.05).

John Wiley & Sons, Ltd.

![mRNA expression (A) and phospholipid fatty acid profile (B, C) of HepG2 cells after incubation with 500 μM acetate or propionate. Ac, acetate; Pr, propionate; M, control medium without SCFA. For detailed information on OCFAs, ω3, and ω6 FA composition see Table [4](#mnfr2723-tbl-0004){ref-type="table-wrap"}. Data are mean + SEM, *n* = 3--4. Means with different letters are significantly different (ANOVA with Bonferroni post hoc test, *p* \< 0.05).](MNFR-60-2611-g004){#mnfr2723-fig-0004}

3.3. Pr attenuates HF diet‐induced insulin resistance {#mnfr2723-sec-0190}
-----------------------------------------------------

To elucidate if Ac and Pr affect HF diet‐induced insulin resistance, we determined HOMA‐IR in wk 6 and performed an oGTT in wk 20. Already after 6 wks, HPr supplementation significantly decreased HF diet‐induced insulin resistance compared to HF control while HAc had an intermediate effect (LF: 9.7 ± 1.1; HF: 24.6 ± 4.1^a^, HF‐HAc: 19.5 ± 3.9^a,b^, HF‐HPr: 13.5 ± 1.2^b^, *p* \< 0.01). During oGTT in wk 20, there were no differences in fasting blood glucose and plasma insulin concentrations (*t* = 0) (Fig. [5](#mnfr2723-fig-0005){ref-type="fig"}A). In the HAc group, blood glucose was significantly increased after 15 min compared to HF (Fig. [5](#mnfr2723-fig-0005){ref-type="fig"}A) but the overall glucose response was not different between the groups (Fig. [5](#mnfr2723-fig-0005){ref-type="fig"}B). Although glucose tolerance was not affected by HF diet feeding, insulin sensitivity was decreased as evident from increased plasma insulin levels in HF mice compared to LF mice (Fig. [5](#mnfr2723-fig-0005){ref-type="fig"}A and B). Interestingly, plasma insulin levels were decreased in the SCFA‐supplemented groups compared to HF‐fed mice. This effect is particularly obvious in the area under the curve (AUC) of insulin (Fig. [5](#mnfr2723-fig-0005){ref-type="fig"}B), which shows that a high Pr ratio completely prevented the HF diet‐induced increase in insulin secretion. Since the OCFA pentadecanoic acid (C15:0) was shown to be inversely associated with type 2 diabetes in humans [15](#mnfr2723-bib-0015){ref-type="ref"}, we correlated C15:0 plasma levels with the AUC of insulin and found a significant negative association (Fig. [5](#mnfr2723-fig-0005){ref-type="fig"}C). In summary, these data suggest that especially Pr has beneficial effects on HF diet‐induced insulin resistance, potentially linked to its stimulating effect on OCFA production.

![Oral glucose tolerance test in 6 h fasted C3H mice after 20 wks of intervention. Mice were fed a LF or HF diet with 5% SCFA, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFA (HF) for 20 wks. Blood glucose and plasma insulin concentrations before (*t* = 0 min) and after oral glucose application (*t* = 15, 30, 60, 120, 180 min) (A) and the corresponding total AUC (B). Data are mean + SEM, *n* = 9--10. Means with different letters are significantly different (ANOVA with Bonferroni post hoc test was performed between HF groups, *p* \< 0.05). (C) Correlation of C15:0 in plasma phospholipids and calculated AUC of insulin secretion during oGTT.](MNFR-60-2611-g005){#mnfr2723-fig-0005}

4. Discussion {#mnfr2723-sec-0200}
=============

Here we discuss short‐ and long‐term metabolic effects of dietary SCFA supplementation in a HF diet‐induced obesity model. Our data indicate that different dietary Ac:Pr ratios (2.5:1 versus 1:2.5, Ac:Pr) influence hepatic lipid metabolism similarly, by reducing lipogenesis, which in the long term leads to lower hepatic triglyceride levels without affecting overall obesity. However, changes in liver and plasma LCFA composition are indirectly affected and not equally influenced by Ac and Pr. Furthermore, beneficial effects of dietary SCFA on insulin sensitivity are more pronounced with an increased dietary Pr concentration. Overall these results are in line with our data obtained after dietary supplementation of inulin [12](#mnfr2723-bib-0012){ref-type="ref"}. Hence, dietary SCFA supplementation and proximal intestinal absorption is comparable with effects achieved after microbial SCFA production accompanied by colonic absorption.

Dietary trials investigating the effects of SCFA on obesity development are rather controversial. Lin et al. [11](#mnfr2723-bib-0011){ref-type="ref"} demonstrated that dietary administration of Pr or butyrate decreases feed intake via the induction of gut hormones and suppresses body weight gain in mice during 4 wks of intervention. By contrast, other studies could not confirm these differences in body weight after SCFA supplementation [16](#mnfr2723-bib-0016){ref-type="ref"}, [17](#mnfr2723-bib-0017){ref-type="ref"}. Based on our previous results [12](#mnfr2723-bib-0012){ref-type="ref"} and additional literature data, showing that Pr can inhibit Ac‐dependent cholesterol and lipid synthesis in rats [18](#mnfr2723-bib-0018){ref-type="ref"}, [19](#mnfr2723-bib-0019){ref-type="ref"} and humans [20](#mnfr2723-bib-0020){ref-type="ref"}, we suggest that Ac and Pr have antagonistic effects on the development of a HF diet‐induced obesity. More precisely, we hypothesize that a higher lipid synthesis in the high Ac group would lead to a higher body weight/fat gain and elevated liver triglyceride levels. However, neither after short‐term nor long‐term intervention we observed differences in body weight and body fat gain between the groups. Additionally, also feed intake and energy expenditure were not affected. Thus, our results rather support the hypothesis that SCFA do not influence the body weight gain during HF diet feeding. We speculate that the discrepancies in the studies are due to different model systems, showing that the effect of SCFA on obesity development is not consistent. Nevertheless, we have several indications that SCFA supplementation affects hepatic lipid metabolism. In both intervention groups (regardless of the Ac:Pr ratio) the expression of important lipogenic enzymes was reduced. Hence, our data indicate an attenuation of the lipogenic pathway in SCFA‐supplemented mice, which later on (after 22 wks) leads to lower liver triglyceride levels. Beneficial effects of Pr on hepatic triglyceride levels have already been shown in rodents [21](#mnfr2723-bib-0021){ref-type="ref"} and human patients suffering from nonalcoholic fatty liver disease [22](#mnfr2723-bib-0022){ref-type="ref"}. Our effect on hepatic triglycerides was more prominent in HF‐HPr mice, indicating that not the Ac:Pr ratio but already the presence of Pr might be important in determining the physiological effects of SCFA on hepatic lipid metabolism. Of course this hypothesis should be confirmed by additional experiments, for instance by dietary supplementation of Ac alone.

Because ω3‐ and ω6 FA are not synthesized de novo, they belong to the group of essential LCFAs. High circulating ω6 FA levels are associated with a higher risk for cardiovascular diseases [23](#mnfr2723-bib-0023){ref-type="ref"} while overweight adults supplemented with ω3 FAs displayed reduced inflammation [24](#mnfr2723-bib-0024){ref-type="ref"}. Furthermore, ω3 FAs are associated with several other health benefits in the onset of autoimmune and cardiovascular diseases [25](#mnfr2723-bib-0025){ref-type="ref"}, [26](#mnfr2723-bib-0026){ref-type="ref"}, [27](#mnfr2723-bib-0027){ref-type="ref"}. The most abundant ω3 FA in plasma and liver phospholipids is docosahexaenoic acid (Supporting Information Fig. 1 or 2). In this present study, the dietary supplementation of SCFA for 6 and 22 wks resulted in a higher formation of ω3 FAs, particularly of docosahexaenoic acid, while the formation of ω6 FAs was rather low, but not significantly different. On the basis of these data, dietary SCFA supplementation led to a lower ω6/ω3 FA ratio, compared to HF feeding in liver phospholipids of conventional C3H mice. This is desirable in order to reduce the risk of chronic diseases [28](#mnfr2723-bib-0028){ref-type="ref"}. To investigate the reason for the observed differences in the ω6/ω3 FA ratio in more detail, we measured the hepatic mRNA expression of important desaturases and elongases involved in ω3 and ω6 FA biosynthesis. However, neither gene levels of Fads1 and Fads2 (where Fads1 and 2 are fatty acid desaturase 1 and 2) (data not shown), nor Elovl5 and Elovl6 were different among the groups. As indicated by Tu et al. [29](#mnfr2723-bib-0029){ref-type="ref"}, our data also support their evidence that the endogenous synthesis of LCFAs is controlled independently from the expression of biosynthetic enzymes and is more likely regulated by other factors, e.g. substrate competition.

Pr has often been described as a product derived from the catabolism of OCFAs [30](#mnfr2723-bib-0030){ref-type="ref"}, [31](#mnfr2723-bib-0031){ref-type="ref"}. However, some studies have shown that it is more likely the other way around in bacteria. Microbial OCFAs are mainly formed through elongation of Pr [32](#mnfr2723-bib-0032){ref-type="ref"}, [33](#mnfr2723-bib-0033){ref-type="ref"}. With the present mouse experiments we support the latter. Our results clearly show an increased formation of OCFAs in vivo, proportionally rising with a higher Pr ratio in the diet. This is obvious in plasma and liver phospholipids after 6 and 22 wks of intervention. Besides that, treatment of human HepG2 cells with Pr resulted in a fivefold higher formation of OCFAs, suggesting a hepatic production of OCFAs from Pr. Interestingly, OCFAs, especially C15:0, is inversely associated with type 2 diabetes [34](#mnfr2723-bib-0034){ref-type="ref"}, [35](#mnfr2723-bib-0035){ref-type="ref"}, which might be an additional link between Pr and glucose homeostasis.

Besides the reported effects on lipid metabolism, SCFA are often described to play an important role in glucose metabolism. Several studies have proven the Pr‐induced formation of glucose in humans [20](#mnfr2723-bib-0020){ref-type="ref"} and animal models [36](#mnfr2723-bib-0036){ref-type="ref"}, [37](#mnfr2723-bib-0037){ref-type="ref"}, supporting the role of Pr as a gluconeogenic substrate. Furthermore, Pr is suggested to reduce postprandial and fasting blood glucose levels [22](#mnfr2723-bib-0022){ref-type="ref"}, [38](#mnfr2723-bib-0038){ref-type="ref"}, [39](#mnfr2723-bib-0039){ref-type="ref"}, [40](#mnfr2723-bib-0040){ref-type="ref"}. In the present study, we did not observe significant differences in fasting blood glucose levels after 6 and 20 wks of intervention, but overall they tended to be lower in LF‐fed animals. Importantly, during oGTT in wk 20, fasting mean insulin values (after 6 h of fasting) in the SCFA‐supplemented groups were about half of the HF group but not significantly different due to high SDs (*t* = 0 min). Nevertheless, insulin secretion after oral glucose load was reduced in HF‐HPr animals after 15 and 30 min. This reduction was stronger with an increasing proportion of dietary Pr, demonstrating that the suppression of HF diet‐induced insulin resistance appears to be mediated by Pr, which is in line with other animal studies [41](#mnfr2723-bib-0041){ref-type="ref"}, [42](#mnfr2723-bib-0042){ref-type="ref"}. Pr is hypothesized to increase insulin sensitivity by stimulating intestinal gluconeogenesis [41](#mnfr2723-bib-0041){ref-type="ref"}. Here, Pr acts as direct gluconeogenic substrate and the resulting glucose is detected by a portal vein glucose sensor that transmits the signal to the brain and promotes beneficial effects on food intake and glucose metabolism [43](#mnfr2723-bib-0043){ref-type="ref"}. However, Santaren et al. [15](#mnfr2723-bib-0015){ref-type="ref"} described an inverse association of pentadecanoic acid with incident type 2 diabetes and indeed we could confirm an inverse correlation of plasma C15:0 formations with the AUC insulin.

Thus, our data indicate that the improvement of HF diet‐induced insulin resistance by Pr could also be linked to its stimulation of C15:0 production. Nevertheless, this association could be of correlative nature only, because so far there is no experimental evidence for a possible causal relationship.

In conclusion, our data confirm the regulatory role of SCFA on lipid and glucose metabolism, resulting in decreased hepatic lipid accumulation and improved fatty acid profile while they do not affect overall energy metabolism and obesity development. They thus lead to a healthier obese phenotype. Especially the effects of the high Pr ratio on the reduction of hepatic triglycerides, the increase in OCFA formation and the improvement of insulin sensitivity point to an important role of Pr in reducing obesity associated metabolic disturbances.
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Table S1: Oligonucleotides used for the quantification of mRNA expression in HepG2 cells.

Table S2: Hepatic mRNA expression of lipid metabolism related enzymes after 22 wks of SCFA supplementation. C3H mice were fed a low‐fat diet or high‐fat diet supplemented with 5% SCFAs, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFAs (HF). Data are mean ± SEM, *n* = 8--10 ns, not significant. Means with different letters within one row are significantly different (ANOVA with Bonferroni post hoc test was performed between HF, HF‐HAc, and HF‐HPr group, *p* \< 0.05).

Figure S1: Changes in liver and plasma phospholipid profile after 6 wks of dietary SCFA supplementation. C3H mice were fed a high‐fat diet supplemented with 5% SCFAs, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFAs (HF). Data are mean + SEM, *n* = 8--10. Values are expressed as area percentage of each fatty acid relative to the total area of all detected fatty acids. Means with different letters are significantly different (ANOVA with Bonferroni post hoc test, *p* \< 0.05).

Figure S2: Effects of dietary SCFAs on liver and plasma phospholipid profile after 22 wks of intervention. C3H mice were fed a low‐fat (LF) diet or high‐fat diet supplemented with 5% SCFAs, either with a high acetate ratio (Ac:Pr, 2.5:1, HF‐HAc), a high Pr ratio (Ac:Pr, 1:2.5, HF‐HPr), or without SCFAs (HF) for 22 wks. Values are expressed as area percentage of each fatty acid relative to the total area of all detected fatty acids. Data are mean + SEM, *n* = 8--10. Means with different letters are significantly different (ANOVA with Bonferroni post hoc test was performed between HF groups, *p* \< 0.05).
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